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a b s t r a c t
Synthetic progestins have become widespread environmental contaminants and may cause adverse
effects on ﬁsh. In the present study,we investigated the effects of levonorgestrel (LNG) on sex differentia-
tion in zebraﬁsh (Danio rerio). Embryos were exposed to LNG at environmentally relevant concentrations
(0, 1, 10, 33, and 100ng/L) and allowed to develop until sexual maturity. Histological examination at 63
days post fertilization (dpf) caused complete sex reversal and 100%maleswere observed in the 10, 33 and
100ng/L treatments; gross morphological and histological examination of gonads at 142dpf further con-
ﬁrmed 100% males at these exposure concentrations. The results indicate androgenic activity of LNG, and
masculinization during zebraﬁsh gonadal differentiation. The mRNA expression levels of genes involved
in ﬁsh sex differentiation and gonadal development were examined at 28 and 42dpf. Down-regulation of
the mRNA expression of aromatase (e.g., cyp19a1a, cyp19a1b), the forkhead transcription factor gene L2
(foxl2) and the Fushi tarazu factor-1d (nr5a1b) were observed. In contrast, transcription of the doublesex
and mab-3-related transcription factor 1 (dmrt1) gene was up-regulated. Androgen receptor (ar) mRNA
expression was signiﬁcantly down-regulated at 28 and 42dpf. Co-exposure to ﬂutamide (an androgen
antagonist) and LNG, led to a decrease in the sex inversion potency of LNG. Our study has demonstrated
that environmentally relevant concentrations of LNG could alter sex differentiation and gonadal devel-
opment in zebraﬁsh. Our results also suggest a potentially high ecological risk of LNG to ﬁsh populations
in LNG-contaminated aquatic environments.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction
Progestins (also called progestogens) are synthetic pharma-
ceutical compounds that are commonly used in contraception
and hormone replacement therapies (Zeilinger et al., 2009). Sim-
ilar to estrogens and androgens, progestins can enter the aquatic
environment through wastewater treatment plant efﬂuents, and
pastoral agricultural runoff (Changet al., 2009;Mansell et al., 2011).
Althoughenvironmental concentrations of progestins are generally
only measured at up to tens of ng/L in surface water and hun-
dreds of ng/L in sewage treatment plant efﬂuents (Liu et al., 2011a),
the progestins generally display high potency and speciﬁcity for
biological targets (Fick et al., 2010), many of which are highly con-
served between species (Gunnarsson et al., 2008). Recently, there
has been a growing concern of the potential adverse impacts that
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these pharmaceuticals may have on aquatic organisms (DeQuattro
et al., 2012; Kumar et al., 2015; Liang et al., 2015a,b; Overturf and
Huggett, 2015; Paulos et al., 2010; Petersen et al., 2015; Zhao et al.,
2015; Zucchi et al., 2013, 2014).
Levonorgestrel (LNG) is one of the commonly used synthetic
progestins in contraceptive pills, emergency contraceptive pills,
and contraceptive implants (Besse and Garric, 2009). It has been
found in sewage treatment plant efﬂuents and freshwater systems
worldwide, including in China (Reviewed by Liu et al., 2011b).
The measured concentrations are generally at ng/L levels (e.g.,
1–213ng/L; Al-Odaini et al., 2013; Liu et al., 2011a). LNG has a
high potential for bioaccumulation in ﬁsh (Fick et al., 2010). In this
regard, environmental residues of LNG may pose potential risks to
aquatic organisms in the receiving aquatic environment.
Increasing numbers of studies have reported the effects of LNG
on aquatic organisms. Most of these studies focused on endocrine
disruption and the impairment of reproduction (e.g., inhibition of
spawning) in ﬁsh (Kroupova et al., 2014; Overturf et al., 2014;
Overturf and Huggett, 2015; Runnalls et al., 2013; Svensson et al.,
http://dx.doi.org/10.1016/j.aquatox.2015.06.013
0166-445X/© 2015 Elsevier B.V. All rights reserved.
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2013, 2014; Zeilinger et al., 2009) and amphibians (Hoffmann and
Kloas, 2012;Kvarnrydet al., 2011; Lorenz et al., 2011; Säfholmet al.,
2011) at low ng/L concentrations. A recent study with three-spined
stickleback showed strong androgenic effects on the reproduc-
tive cycle in females (Svensson et al., 2013) and disruption of the
androgen-dependent reproductive cycle in males (Svensson et al.,
2014).
Theprocesses of sexual determination anddifferentiation inﬁsh
are highly plastic and can be modiﬁed by many external factors
(Devlin and Nagahama, 2002). It is well known that exposure to
xenoestrogens or androgens in zebraﬁsh during critical periods of
the life cycle can affect sex differentiation, resulting in a change
of the sex ratio towards females or males, respectively (Holbech
et al., 2006; Örn et al., 2003). As LNG has strong androgenic activ-
ity, we hypothesize that LNG may affect sex differentiation during
the gonadal differentiation period, which will lead to biased sex
ratios of the exposed ﬁsh. Therefore, the objective of the present
study was to investigate the effects of environmentally relevant
concentrations of LNG on sex differentiation in ﬁsh.
Zebraﬁsh provide an important vertebrate model for the inves-
tigation of chemical effects on sex differentiation, and change to
the sex ratio in these ﬁsh has been widely regarded as an essen-
tial endpoint for the evaluation of sex differentiation (OECD, 2011).
In the present study, zebraﬁsh embryos were exposed to environ-
mentally relevant concentrations of LNG until they were sexually
mature, and the effects of this on the sex ratio were investigated.
To further understand the potential mechanisms that affect sex
differentiation, we have also examined the transcription proﬁles
of a number of genes, including cyp19, dmrt1 (double sex/mab-3
related transcription factor 1), foxl2 (forkhead transcription factor
gene L2) and nr5a1b (Fushi tarazu factor -1d, also called sf1) in this
study. These genes are known to be related to gonadal sex differ-
entiation (von Hofsten and Olsson, 2005). In addition, to better
understand whether the effects of LNG occurred via the andro-
gen receptor (AR)-mediated pathway, zebraﬁsh were co-exposed
to ﬂutamide and LNG from 20 to 60 days post fertilization (dpf;
the critical period of sex differentiation in zebraﬁsh), and the sex
ratio was observed. Flutamide is a model mammalian AR antago-
nist (Ankley et al., 2004). It has beenapplied in endocrinedisrupting
chemicals (EDC)-oriented studies with ﬁsh, in which it binds to the
AR and blocks the AR-mediated responses, as in mammals (Ankley
et al., 2004). Our results demonstrate that exposure to environmen-
tally relevant concentrations of LNG caused severemasculinization
in zebraﬁsh.
2. Materials and methods
2.1. Chemicals
Levonorgestrel (LNG; CAS 797-63-7; purity≥99%), ﬂu-
tamide (99%≥purity), dimethyl sulfoxide (DMSO; CAS 67–68-5;
purity≥99.5%) and methanesulfonate (MS-222) were pur-
chased from Sigma–Aldrich (Fluka, Shanghai, China). Deuterated
LNG ((−)-Norgestrel-2,2,4,6,6,10-d6 or LNG-d6; CAS 797-63-7;
purity≥98%) was obtained from CDN isotopes (Pointe Claire,
Quebec, Canada). LNG stock solution (1mg/mL) and LNG-d6 stock
solution (20mg/mL) were prepared in DMSO and 40% methanol
and then stored at 4 ◦C and −20 ◦C, respectively.
2.2. Fish husbandry and embryos exposure
Four-month-old zebraﬁsh (Danio rerio) of the wild-type (AB
strain) were maintained in a semi-static system with charcoal-
ﬁltered tap water (pH 7.0–7.4) at 28±0.5 ◦C with a 14:10 light:
dark cycle. The adult ﬁsh were fed with newly hatched brine
shrimp and dry ﬂake food (Zeigler Brothers, Gardners, PA, USA).
Zebraﬁsh embryos were obtained from spawning adults kept
together overnight at a sex ratio of 1:1. Embryos were collected
after spawning and only those that developed normally were
selected for subsequent experiments.
The selected embryos (2h post fertilization; hpf) were ran-
domly distributed into 1 L glass beakers containing 800mLof either
the LNG exposure solution (1, 10, 33 or 100ng/L) (or equal to
3.2×10−12, 3.2×10−11, 1.1×10−10 or 3.2×10−10 M) or the DMSO
solvent control. Both the control and treated groups received
0.01% (v/v) DMSO. Three replicates were performed for each expo-
sure concentration and each beaker contained approximately 300
embryos. After 15 days, approximately 250 larvae fromeach beaker
were transferred into 5 L tanks which contained 4 L of the relevant
exposure solution. At 30dpf, approximately 200 larvae were then
randomly chosen and transferred into 10 L tanks containing 9 L of
the relevant exposure solution. Finally, at 63dpf, after sampling
(see next paragraph), the remaining juvenile ﬁsh (20–25 ﬁsh from
each tank) were maintained in 20 L tanks containing 16 L of the
relevant exposure solution, until 142dpf. All of the exposure solu-
tion within each tank was renewed daily. Each tank was checked
for dead or malformed ﬁsh on a daily basis and any dead ﬁsh were
removed.
A subset of 15 exposed ﬁsh from each treatment replicate was
randomly sampled for histological examination at 63dpf. The ﬁsh
were anesthetized with 0.01% MS-222 by prolonged immersion,
until cessation of opercular movement, then the ﬁsh were pat-
ted dry with paper towel, and total body length (cm) (from snout
to the fork point of caudal ﬁn) and wet weight (g) were mea-
sured immediately to calculate the condition factor (K-factor = (wet
weight (g)/total body length (cm)3)×100). After measuring, all of
the ﬁsh were ﬁxed in Bouin’s solution for 24h prior to histological
examination.
The ﬁsh that were exposed until sexual maturity (142dpf) were
sampled and anesthetized with 0.01% MS-222, then total body
length and wet weight were measured and their condition fac-
tors calculated. Four ﬁsh from each replicate were sampled and the
gonads were ﬁxed in Bouin’s solution for 24h prior to histological
analysis.
2.3. Histology and sex determination
Gonad morphology and sex determination of the exposed and
control ﬁshwereperformedbyhistological examination. Following
dehydration in a graded series of ethanol solutions, the sam-
ples were embedded in parafﬁn, and 4m longitudinal sections
(3–4 sections for each ﬁsh) were cut through the gonadal region.
The sections were stained with hematoxylin-eosin, and examined
with an Olympus CX31 light microscope (Olympus, Tokyo, Japan),
focusing on sexual differentiation and histological abnormalities of
the gonad (e.g., intersex). The gonads were classiﬁed as testes or
ovaries, based on the presence of spermatogenetic cells or oocytes,
respectively, according to Kinnberg et al. (2007). Gonads where a
single oocyte at the primary growth stage was observed in oth-
erwise testicular tissue were still classiﬁed as testes. Gonads with
the presence of both several oocytes and testicular tissuewere clas-
siﬁed as intersex. Gonads that exhibited no discernible germ cells
were classiﬁed asundifferentiated.Maturation stages of the ovaries
and testes were determined according to Silva et al. (2012). The sex
ratios of each group (63dpf and 142dpf) and treatment was calcu-
lated. All studieswere conducted in accordancewith the guidelines
for the care and use of laboratory animals of the National Institute
for Food and Drug Control of China.
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Table 1
Gene primer sequences used in the present study.
Gene name Primer sequence (5–3′) Gene bank accession No.
cyp19a1a Forward: ctgaaagggctcaggacaa NM 131154
Reverse: tggtcgatggtgtctgatg
cyp19a1b Forward: ggcagtctctggaggatgac NM 131642
Reverse: cagtgttctcgaagttctcca
foxl2 Forward: cgagaagaacaagaagggatgg BC116585.1
Reverse: ttgcctggctggaaatgg
dmrt1 Forward: atggtggacgcctcctattac AY157562.1
Reverse: agggcaggtgctgggttg
nr5a1b Forward: cgcagagaaaccgcctgcct NM 212834
Reverse: gcggcgttcacctgctcgta
ar Forward: atctgtgcgctagcaggatt NM 001083123
Reverse: caactgcgagtggaaagtca
rpl8 Forward: ttgttggtgttgttgctggt NM 200713
Reverse: ggatgctcaacagggttcat
2.4. Quantitative real-time polymerase chain reaction
(Q-RT-PCR) analysis
Larvae or juvenile ﬁsh (20) were randomly sampled at 28 and
42dpf fromeach of the three replicates of each treatment and anes-
thetized with 0.01% MS-222, because the process of male sexual
differentiation of zebraﬁsh begins at about 21–25dpf, and is gen-
erally completed at 42 dpf (Orban et al., 2009). The ﬁshwere pooled
and stored at −80 ◦C for subsequent RNA extraction. Total RNA
extraction and the reverse-transcription of RNA into cDNA were
conducted according to Han et al. (2014). Quantitative real-time
PCR was carried out on an ABI 7300 System (Perkin Elmer Applied
Biosystems, Foster City, CA, USA). The primer sequences of the
selected genes were obtained using the online Primer 3 program
(http://frodo.wi.mit.edu/). The full names, abbreviations, and the
primer sequences of the selected genes are listed in Table 1. Prior to
the transcriptional assay,we assessed the ampliﬁcation efﬁciencies
of primers and the transcriptional stability of ﬁve genes com-
monly used as reference genes (rpl8, 18s,-actin, gapdh, ef1˛) using
geNorm analyses (http://medgen.ugent.be/genorm). The results
showed that rpl8 was the most stable gene in the ﬁsh sampled
at 28 and 42 dpf (supplementary data, Fig. S1). Therefore, rpl8
was selected as the reference gene for the transcriptional assay.
The relative transcriptional abundance of the target genes (e.g.,
cyp19a1a, cyp19a1b, foxl2, nr5a1b and dmrt1) to its corresponding
control group was determined by the 2−CT method (Livak and
Schmittgen, 2001).
2.5. Water chemistry
In previous studies, LNG remained constant when the exposure
solutions were renewed every day (Svensson et al., 2013, 2014).
In the present study, the concentrations of LNG were measured
just after (T0) and before renewal (T24) of the exposure solutions.
During the exposure period, water samples (500mL) from each
replicate (n=3) of each treatment were obtained at different time
points (embryonic period: 0dpf; juvenile period: 60dpf; and adult
period: 140dpf), just after and before renewal of the exposure solu-
tions. In the co-exposure to ﬂutamide and LNG, water samples
were obtained at two time points (larval period: 20dpf; juvenile
period: 60dpf). LNG was extracted and analyzed as described pre-
viously (Liu et al., 2011b). Brieﬂy, the water samples were passed
through 0.7m glass-ﬁber ﬁlters (Whatman) and stored at 4 ◦C
until the assay; LNG was extracted using a preconditioned solid-
phase extraction cartridge (OasisHLB, 6mL, 500mg; Waters, USA)
and then, the cartridges were dried and eluted with ethyl acetate.
The extracts were dried and redissolved in 1mL of 40% methanol
for instrumental analysis. The LNG concentration was analyzed by
UPLC-Xevo TQ MS (Waters, USA). The limits of detection and quan-
titation of the UPLC–MS/MS analysis method were 0.44 ng/L and
1.48 ng/L, respectively. As a quality control for the analytical tech-
niques used in this study, 100L of 250g/L LNG-d6 was added to
each sample as the internal standard.
2.6. Mixture effects of LNG and ﬂutamide on sex ratio
To further investigate whether the effects of LNG were induced
through the AR-mediated pathway, a mixed exposure of ﬂutamide
and LNG was carried out. The exposure treatments consisted
of: (a) DMSO solvent control; (b) LNG (10ng/L); (c) ﬂutamide
(100g/L) + LNG (10ng/L); and (d) ﬂutamide (500g/L) + LNG
(10ng/L). Three replicates of each treatment were performed. The
frywereexposed from20dpfandeachexposureconcentrationcon-
tained about 50 zebraﬁsh. All of the exposure solution within each
tank was renewed every day until the end of the exposure (60dpf).
At 60dpf, a total of 35–40 ﬁsh from each group were histologically
examined and the sex ratio was calculated.
2.7. Data analysis and statistical analysis
All graphical illustrations and statistical analyses were made
using either GraphPad Prism, version 5.01 (GraphPad Software
Inc., CA, USA) and/or SPSS 13.0 software (SPSS, Chicago, IL, USA).
Kolmogorov–Smirnov and Levene’s tests were performed to test
the normality and homogeneity of variance, respectively. If nec-
essary, raw data were transformed to meet the assumptions of
the parametric tests. Differences between the control and each
exposure group were evaluated by one-way analysis of variance
(ANOVA), followed by Tukey’s test. A p value of less than 0.05 was
considered statistically signiﬁcant. Chi-square analyses were used
Table 2
Nominal and measured concentrations of LNG in waters during 142 days of exposure.
Nominal concentrations (ng/L) Sampling time pointsa
TEXPb Embryo period Juvenile period Adult period
Control T0 LODc LOD LOD
T24 LOD LOD LOD
1 T0 2.4±0.1 3.9±0.1 2.9±0.5
T24 1.0±0.3 0.6±0.1 0.6±0.1
10 T0 13.8±0.8 14.0±0.9 9.4±0.7
T24 11.5±0.2 9.7±0.3 8.3±0.5
33 T0 35.9±0.4 36.6±0.8 35.3±1.3
T24 33.2±1.7 31.5±0.7 31.1±1.5
100 T0 110.0±0.7 103.6±2.9 107.6±0.9
T24 92.2±3.7 85.9±2.0 84.3±0.8
a Samples were obtained at three different sampling times at 0, 60, and 140dpf when the ﬁsh were in embryo, juvenile, and adult period, respectively.
b TEXP=Time of the experiment at each sampling period (0h and 24h).
c LOD: limit of detection. Thewaterwas sampled just after renewal (T0) andbefore renewal (T24) exposure solution.Data are themeansof three replicate tanks (mean± SEM).
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Fig. 1. Different germ cell cysts observed during the spermatogenic process in zebraﬁsh. (A) Representative section of a zebraﬁsh ovary that has reached the corticolar oocytes
stage, at 63dpf, from the control. (B) Representative section of a zebraﬁsh testis with spermatozoa, at 63dpf, in the control. (C) Representative section of a well-developed
zebraﬁsh testis, at 63dpf, observed in all of the LNG treatments. (D) evidence of inter-sex in a zebraﬁsh, showing several primary oocytes in the mature testis, observed at
142dpf in a ﬁsh exposed to 100ng/L LNG. Key: SG – Spermatogonia; ES – Early spermatocytes; LS – Late spermatocytes; SPs – spermatids; SZ – Spermatozoa; PO – primary
oocyte; De – Degenerating primary oocyte; CAO – Cortical alveolar oocyte; EVO – Early vitellogenic oocyte.
Fig. 2. Sex ratio of zebraﬁsh after exposure to LNG from two hours post fertilization until either 63 or 142 days post fertilization. The sex ratio was measured by identiﬁcation
of the gonadal sex. The number displayed at the bottom of each column indicates the total number of ﬁsh from three replicate tanks in each treatment group. Statistically
signiﬁcant differences from the solvent control are marked with asterisks: ***p<0.001.
to identify the differences in the sex ratios between the solvent
control and each treatment group.
3. Results
3.1. Measured concentrations of LNG in water
The actual concentrations of LNG were measured before (T24)
and just after (T0) the exposure solutions were renewed at the
different sampling time points. Table 2 shows that the measured
concentrations were close to nominal values at T0 and decreased
relative to the nominal concentrations at T24 except for the 1ng/L
treatment. In the mixed exposure of LNG with ﬂutamide, the actual
concentrationswerealsoclose to thenominal valuesatT0,while the
measured concentrations were decreased relative to the nominal
concentrations after 24h exposure (Table 3). The concentrations in
the control tankswere below the detection limit. For simpliﬁcation,
all results are presented using the nominal concentrations.
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Fig. 3. Relative mRNA expression levels of the cyp19 gene (cyp19a1a and cyp19a1b) in zebraﬁsh at 28 and 42 dpf, after exposure to 0, 1, 10, 33, and 100ng/L LNG from 2hpf.
Values are presented as mean± SEM (n=3). Signiﬁcant differences from the control are indicated by: *p<0.05, **p<0.01, and ***p<0.001.
Table 3
Nominal and measured concentrations of LNG in waters in the mixture experiment.
Treatment groups Sampling timesa
TEXPb 20dpf 60dpf
Control T0 LODc LOD
T24 LOD LOD
LNG (10ng/L) T0 11.9±0.3 12.0±0.4
T24 9.0±0.5 8.3±1.8
LNG (10ng/L) +ﬂutamide (100g/L) T0 12.1±0.4 12.3±0.6
T24 10.1±0.9 8.6±0.6
LNG (10ng/L) +ﬂutamide (500g/L) T0 11.3±0.3 11.2±0.3
T24 9.9±0.3 8.9±2.2
a Samples were obtained separately at 20 and 60dpf. Data are the means of three
replicate tanks (mean± SEM).
b TEXP=Time of the experiment at each sampling period (0h and 24h).
c LOD: limit of detection. Thewaterwas sampled just after renewal (T0) andbefore
renewal (T24).
3.2. Fish growth and survival
Exposure to LNG did not cause developmental toxicity in
zebraﬁsh. No signiﬁcant effects on either body length, body weight
or condition factor (K-factor) were observed at any sampling point
(Supplementary data, Table S1). In addition, exposure to LNG at
the concentrations tested did not affect the survival rates when
compared with the control group.
3.3. Gonadal histology and sex ratio
The histology of the gonads examined at 63dpf showed that
the gonads had developed paired testes or ovaries. The ovaries in
the control group only showed primary oocytes, early vitellogenic
oocytes and corticolar oocytes (Fig. 1A), while the testes presented
sperm cells at different stages of development, including sperma-
tozoa (Fig. 1B). In addition, like the males in the control group,
almost all the treated males had two well-developed testes that
were ﬁlled with spermatozoa (Fig. 1C). In the co-exposure to ﬂu-
tamide and LNG, no obvious histological alterations were observed
in the gonads comparedwith those of control. Among the histologi-
cally examinedgonads, one inter-sexﬁshwas found, in the100ng/L
LNG exposure group (several primary oocytes with degenerative
morphology were present in the testis; Fig. 1D).
The sex ratio in the control group was 40.8% females to 59.2%
males; no intersex was observed (Fig. 2). Exposure to 1ng/L of LNG
did not signiﬁcantly change the sex ratio (35.7% females: 64.3%
males; Fig. 2), compared with the control. However, exposure to
LNG at concentrations of 10, 33, and 100ng/L resulted in 100%
males (Fig. 2). At 142dpf, similar to at 63dpf, there was no sig-
niﬁcant difference in the sex ratio between the control and 1ng/L
LNG treatment,while exposure to 10, 33, and100ng/L LNG resulted
in 100% males (Fig. 2).
3.4. mRNA expression of genes involved in sex differentiation
The expression of selected genes was examined at 28 and 42
dpf. The gene transcription of cyp19a1a was signiﬁcantly down-
regulated in the 10, 33 and 100ng/L LNG treatments at both 28
(Fig. 3A) and 42dpf (Fig. 3B). In contrast, the gene transcription of
cyp19a1bwasnot changedat28dpf (Fig. 3C), but itwas signiﬁcantly
down-regulated at 42dpf in the 10, 33 and 100ng/L LNG treatment
groups (Fig. 3D). Signiﬁcant down-regulation of the gene transcrip-
tions of foxl2 (Fig. 4A, B) andnr5a1b (sf1) (Fig. 4C,D) in the10, 33 and
100ng/L LNG treatmentswere also observed at 28 and42dpf. How-
ever, LNG exposure resulted in signiﬁcant up-regulation of dmrt1 in
higher treatments (33 and 100ng/L) at both 28 and 42dpf (Fig. 4E
and F). Transcripts of ar were down-regulated in the 10, 33, and
100ng/L LNG treatment groups at 28 and 42dpf (Fig. 5A and B).
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Fig. 4. Relative mRNA expression levels of the upstream regulators (dmrt1, foxl2 and nr5a1b) of the cyp19a1a gene in zebraﬁsh, at 28 and 42dpf, after exposure to 0, 1, 10,
33 and 100ng/L LNG from 2hpf. Values are presented as mean± SEM (n=3). Signiﬁcant differences from the control are indicated by: *p<0.05, **p<0.01, and ***p<0.001.
Fig. 5. RelativemRNA expression levels of ar gene in zebraﬁsh, at 28 and 42dpf, after exposure to 0, 1, 10, 33 and 100ng/L LNG from2hpf. Values are presented asmean± SEM
(n=3). Signiﬁcant differences from the control are indicated by: *p<0.05 and **p<0.01.
3.5. Mixture effects of LNG and ﬂutamide on sex ratio
Exposure of zebraﬁsh fry to 10ng/L LNG resulted in 100% males
at 60dpf. However, when zebraﬁsh fry were co-exposed to 10ng/L
LNG with either 100 and 500ng/L of ﬂutamide, the male ratio
decreased to 94.7% and 66.7%, respectively; the latter treatment
was signiﬁcantly different from the LNG only treatment (Fig. 6).
4. Discussion
In the present study, we found that the exposure of zebraﬁsh,
from the embryo stage through to sexual maturity (including the
sexdifferentiationperiod), to LNGat environmentally relevant con-
centrations, canaffect the sex ratioof thezebraﬁsh, leading toa shift
towards males.
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Fig. 6. Sex ratio of zebraﬁsh after co-exposure to ﬂutamide (100 and 500g/L) and
LNG (10ng/L) from 20dpf to 60dpf. Negative control: DMSO solvent control. The
number displayed at the bottom of each column indicates the total number of ﬁsh
analyzed in each treatment group. Different letters above the columns represent
treatments that are signiﬁcantly different from each other (p<0.05).
It is interesting that we observed 100% males in the zebraﬁsh
exposed to 10ng/L LNG. Several previous studies have shown
that exposure of ﬁsh to environmental androgens during their
early life-stages could result in male-biased populations (Blázquez
et al., 2001; Holbech et al., 2006; Örn et al., 2003). Therefore, our
results suggest that LNG is a potent androgen, with strong andro-
genic activity. In agreement with this, strong androgenic effects of
LNG were also observed in three-spined sticklebacks (Gasterosteus
aculeatus), including the induction of a male speciﬁc glue protein,
called spiggin, at concentrations ≥40ng/L, and the disruption of
the androgen-dependent reproductive cycle in males at concentra-
tions ≥6.5ng/L (Svensson et al., 2013, 2014). Exposure of fathead
minnows (Pimephales promelas) to LNG (29.6ng/L) resulted in the
masculinization of female secondary sex characteristics (Zeilinger
et al., 2009).
In addition, it is surprising that histological examination
revealed that fewer intersex (only one) in the LNG treated ﬁsh. It
is known that the transition from ovary-like tissue to testes during
sex differentiation of juvenile zebraﬁsh is mediated through apo-
ptosis (Uchida et al., 2002). Furthermore, previous study provided
evidences that progestins could induce apoptosis in the macaque
ovarian epithelium and human eutopic endometrium (Rodriguez
et al., 2002). Fick et al. (2010) demonstrated that LNG has a high
potential for bioaccumulation in ﬁsh. Consequently, it is plausible
that LNG could induce oocyte apoptosis and accelerate disappear-
ance of oocytes and the sex-reverse from ovaries into testes.
There have been few studies that have speciﬁcally investi-
gated the effects of progestins on sex differentiation and gonadal
development in ﬁsh species. However, a recent study reported
that exposure to progesterone (P4; 63ng/L) induced a signiﬁ-
cant female-biased sex ratio, while exposure to norgestrel (NGT;
≥34ng/L) induced 100% males in zebraﬁsh, but exposure to NGT at
4ng/L did not affect sex ratio (Liang et al., 2015a). In the present
study, exposure to LNG (≥10ng/L) induced 100% males, which sug-
gest that LNG may be more potent with androgenic activity than
NGT in zebraﬁsh. Taken together, the ﬁndings in the present study
suggest that LNG in the aquatic environment would likely cause
ecological risks to ﬁsh that inhabit the contaminated-waters.
LNG is derived from testosterone and has a relatively high afﬁn-
ity to the AR (i.e., 58%, compared to that of testosterone) (Sitruk
Ware, 2006). A recent study also proved LNG to be a strong agonist
of ARs (Ellestad et al., 2014). As a result, we hypothesized that LNG
may act through the AR pathway. As expected, co-exposure to LNG
and ﬂutamide in the present study signiﬁcantly reduced the bias of
the LNG-induced sex ratio toward males in the zebraﬁsh. Likewise,
Ankley et al. (2004) reported that ﬂutamide can bind to the fathead
minnow’s ARs and block trenbolone-induced masculinization in
female fathead minnows. Flutamide also blocked masculinization
caused by 17-methyltestosterone (sex reversal toward males) in
both Sciaenochromis fryeri and tilapia (Oreochromis niloticus) (Golan
and Levavi-Sivan, 2014). Our results show that ﬂutamide effec-
tively blocked the masculinization induced by LNG (shifting the
sex ratio), supporting the hypothesis that the observed masculin-
ization responses caused by LNG were mediated through the AR
pathway.
Given the ability for LNG to bind AR and observed effects on
masculinization of female ﬁsh, the transcriptional changes in the
AR were also examined. In the present study, ar mRNA expressions
were signiﬁcantly down-regulated in LNG treated zebraﬁsh. This
result is consistent with previous reports showing that LNG expo-
sure was associated with the downregulation of the gene encoding
androgen receptor (ar) in zebraﬁsh embryos/larvae (Zucchi et al.,
2012) and in juvenile fathead minnow (Overturf et al., 2014). How-
ever, exposure of LNG to pubertal roach did not change the ar gene
transcription in either males or females (Kroupova et al., 2014).
Thus, it appears that the effect of LNG on ar mRNA abundance may
depend on the developmental stage. A recent study indicated that
exposure of progestin norgestrel to developing zebraﬁsh did not
affect ar gene transcription, but it could alter sex ratio towardmales
through an androgen receptor-mediated pathway (Liang et al.,
2015a). For zebraﬁsh, the ar expression is important for the sex-
ual differentiation of male gonads (Gorelick et al., 2008). Zucchi
et al. (2012) suggested that alterations of the ar transcripts by pro-
gestins may negatively interfere with the sexual differentiation of
the gonads.
It is well-known that sex hormones play a critical role dur-
ing sex differentiation in ﬁsh (Devlin and Nagahama, 2002); the
cyp19 gene encodes cytochrome P450 aromatase, the enzyme that
catalyzes the ﬁnal step in the conversion of androgens to estro-
gens. We examined the transcription of this gene, which is clearly
important and involved in sex differentiation. Signiﬁcant down-
regulation of cyp19 (cyp19a1a and cyp19a1b) was observed in the
10, 33 and 100ng/L LNG treatments. It has been widely accepted
that ovarian aromatase plays a pivotal role in gonadal sex differ-
entiation in teleosts (Guiguen et al., 2010). In ﬁsh, the outcome
of this process (i.e., the development of a testis or an ovary) is
regulated by the androgen: estrogen ratio, which is controlled by
aromatase (Devlin and Nagahama, 2002). It is well known that the
cyp19 gene expression and aromatase activity are very sensitive
to xenoestrogens in zebraﬁsh and have been used as promising
molecular and biochemical markers of endocrine disrupting chem-
icals in ﬁsh (Hinfray et al., 2006; Menuet et al., 2005). Fenske and
Segner (2004) reported that the suppression of aromatase activity
(administrated by the aromatase inhibitor fadrozole) inducedmale
gonadal sex differentiation.
Although we were unable to measure P450 aromatase activ-
ity, several previous studies with teleosts including zebraﬁsh have
shown that mRNA levels of cyp19 are correlated well with aro-
matase activity (Fukada et al., 1996; Chang et al., 1997; Hinfray
et al., 2006). In this aspect, several previous reports have also shown
that the inhibitionof the aromatase cyp19gene can reduce estradiol
production, leading to an increase in the ratio of androgens to estro-
gens, and ﬁnally affecting the sex ratio (Guiguen et al., 2010; Shang
et al., 2006). Taken together, we hypothesize that the suppression
of cyp19 gene transcription may result in a reduction in aromatase
activity, and hence lead to an increase in the ratio of androgens to
estrogens (e.g., testosterone/estradiol production); eventually this
would promote the female to male trans-differentiation.
In addition to the cyp19 gene, the transcription of several other
genes (e.g. dmrt1, foxl2, nr5a1b) was also examined, because they
are also important and related to sex differentiation in ﬁsh, usu-
ally acting as upstream regulators of the cyp19a1a gene (Kanda
et al., 2006; Watanabe et al., 1999). In zebraﬁsh, dmrt1 mRNA
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is expressed in both testes and ovaries, but at markedly higher
levels in testes; it plays an important role in early gonadal sex
differentiation of male zebraﬁsh (Jørgensen et al., 2008; Schulz
et al., 2007). Foxl2 is one of the very few conserved ovarian differ-
entiation genes across vertebrate evolution, with female-speciﬁc
expression in the differentiating ovaries of mammals (Baron et al.,
2005), birds (Govoroun et al., 2004), and ﬁsh (Baron et al., 2005;
Wang et al., 2007). The gene has been regarded as a potential
ovary marker during female sex development in catﬁsh (Sridevi
et al., 2012). In tilapia, dmrt1 promotes the early formation of
testes by suppressing the female pathway, through the repres-
sion of aromatase transcription and estrogen production in the
gonads. At the same time, foxl2 can directly bind to the promoter
of cyp19a1a, or interact with nr5a1b (sf1), to enhance the transcrip-
tion of cyp19a1a and consequently increase estrogen production
(Wang et al., 2007, 2010). In the present study, signiﬁcant down-
regulation of nr5a1b during the period of sexual differentiation,
together with down-regulation of foxl2 indicated a decrease in
their positive regulation of cyp19a1a. This would then promote the
observed down-regulation of cyp19a1a. The observed signiﬁcant
up-regulation of dmrt1 may also help to explain the suppression of
cyp19a1a transcription, as well as the testicular differentiation.
According to the literature, LNG concentrations detected in
surface waters worldwide generally vary from 1 to 38ng/L (Liu
et al., 2011b); levels as high as 213ng/L were reported in Malaysia
(Al-Odaini et al., 2013). The nominal concentrations of LNG
(1–100ng/L) used in this study are clearly environmentally rel-
evant; the measured concentrations were similar to the nominal
concentrations (1–100ng/L). The lowest effect concentration that
induced 100% males was 10ng/L, which is an environmentally
realistic concentration in many LNG-contaminated waters. This
suggests that masculinization likely occurs in the aquatic envi-
ronment. Our results highlight the potential environmental risks
of LNG to many other ﬁsh species that inhabit LNG-contaminated
waters.
In conclusion, we found that the exposure of zebraﬁsh to envi-
ronmentally relevant concentrations of LNG (≥10ng/L) induced
complete female-to-male reversal in zebraﬁsh. Our results further
showed that this masculinization was mediated through the AR
pathway. Besides this, the suppression of cyp19 genes may play
an important role in the mechanisms that lead to the observed
masculinization, and the inhibition of cyp19a1a may be further
regulated by upstream regulator genes (e.g., dmrt1, foxl2, nr5a1b).
Our study also highlights the potential ecological risks of LNG.
Given that many classes of steroids (e.g., androgens, estrogens and
progestins) have been detected simultaneously in aquatic envi-
ronments, ﬁsh are usually exposed to complex mixtures of these
steroids; therefore it is necessary that we assess the environmen-
tal risk of exposure to mixed progestins or of progestins with other
steroids (e.g., androgens or estrogens).
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